is an edible microalga and a highly nutritious potential feed 52 resource for many agriculturally important animal species. Research findings have 53 associated Spirulina to improvements in animal growth, fertility, aesthetic and 54 nutritional product quality. Spirulina intake has also been linked to an improvement in 55 animal health and welfare. Its influence over animal development stems from its 56 nutritive and protein-rich composition, thus leading to an increased commercial 57 production to meet consumer demand. Consequently, Spirulina is emerging as a cost-58 effective means of improving animal productivity for a sustainable and viable food 59 security future. However, our present knowledge of animal response to dietary 60 Spirulina supplementation is relatively scanty and largely unknown. Therefore, the 61 primary objective of this paper was to review past and current findings on the 62 utilisation of Spirulina as a feed supplement and its impact on animal productivity and 63 
Introduction 75 quality is increasingly allowing us a greater understanding of the practicalities of its 126 use. 127 128
Nutritional value of Spirulina 129
Spirulina is nutrient-rich (Table 2) . It contains all essential amino acids, vitamins and 130 minerals. It also is a rich source of carotenoids and fatty acids, especially γ-linolenic 131 acid (GLA) which infers health benefits (Howe et al. 2006) . However, Spirulina's 132 high protein content distinguishes it as a new animal feed (Belay et al. 1993; Doreau 133 et al. 2010) . 134
Spirulina's nutritional value has been the topic of several reviews (Ciferri 1983; 135 Belay et al. 1993; Diraman et al. 2009 ). Yet, its nutritional values are known to 136 slightly vary depending on the production system. These differences have also been 137 the topic of several studies (Vonshak and Richmond 1988; Tokusoglu and Unal 2003; 138 Babadzhanov et al. 2004; Muhling et al. 2005; Mata et al. 2010) . 139
140

Chickens 141
Chickens have been almost the exclusive focus of research into Spirulina's usefulness 142 in monogastric feed rations (Table 3) . Ross and Dominy (1990) found that chicken 143 growth rates declined when Spirulina replaced dehulled soybean meal in rations at 144 either 10% or 20% of dry matter. Other studies that replaced groundnut cake (Saxena 145 et al. 1983) or fishmeal (Venkataraman et al. 1994) with Spirulina in chicken diets 146 found no variation in growth. Therefore, from these studies, it is apparent that the 147 impact of dietary inclusion of Spirulina on chicken growth and growth rates depends 148 on the feed-type it replaces in the ration. Although, it has been shown that dietary 149 Spirulina levels of 50-100 g/kg of feed ration will maintain typical growth rates, 150 levels exceeding 200 g/kg will bring about declined growth rates (Toyomizu et al. 151 2001) . 152 Dietary Spirulina has been associated with greater cost efficiency in chicken 153 production. Venkataraman et al. (1994) found that vitamin-mineral premixes 154 normally added to chicken feed rations can be omitted when Spirulina is included, 155 due to its nutrient-rich composition. Furthermore, chickens receiving dietary Spirulina 156 have been found to be of better health than their unsupplemented counterparts 157 (Venkataraman et al. 1994 ). This is due to increased functionality of macrophage and 158 overall mononuclear phagocyte system indicative of enhanced disease resistance with 159 increased dietary Spirulina levels in chickens (Qureshi et al. 1996; Al-Batshan et al. 160 2001) . Qureshi et al. (1996) found improved chicken health with low dietary Spirulina 161 levels of 10 g/kg in the ration, indicating greater production cost efficiency. 162
Spirulina has been shown to be an effective means of altering chicken product 163 quality to meet consumer preferences. For instance, the total cholesterol content of 164 eggs can be lowered by including Spirulina into layer hen rations (Sujatha and 165 Narahari 2011). This is mainly due to Spirulina's high antioxidant and omega-3 166 polyunsaturated fatty acids (PUFA) content that enriches the nutritional value of eggs 167 at the expense of cholesterol content (Rajesha et al. 2011; Sujatha and Narahari 2011) . 168
Egg yolk colour has also been found to intensify linearly with increased dietary 169 Spirulina levels (Ross and Dominy 1990; Sujatha and Narahari 2011). In white 170
Leghorn layer hens, dietary Spirulina levels of 3-9% of the total ration was found to 171 result in egg yolk colours best representative of consumer preferences (Saxena et al. 172 1983) . Similar findings have been found in trials with Japanese quails (Ross et al. 173 1994) . Spirulina's effect on yolk colour results from its high level content of 174 zeaxanthin, xanthophylls and other carotenoid pigments, particularly β-carotene, 175 which accumulate within the yolk (Anderson et al. 1991; Takashi 2003) . These same 176 compounds have been found to also accumulate within the muscle tissue of chickens. 177
Both Toyomizu et al. (2001) and Venkataraman et al. (1994) have reported this 178 outcome with muscle tissue increasing in yellowness and redness with increasing 179 levels of dietary Spirulina. Dietary Spirulina levels at 1% of the total ration in the 180 week prior to slaughter has been found to result in broiler muscle tissue pigmentation 181 at levels best representing consumer preferences (Dismukes et al. 2008) . 182
183
Pigs 184
Research into pig growth responses to dietary Spirulina supplementation is 185 inconsistent as depicted in Table 4 . Hugh et al. (1985) found that crossbred weanling 186 pigs receiving dietary Spirulina supplementation had growth rates of up to 9% higher 187 than their unsupplemented peers. However, Grinstead et al. (1998) , found no growth 188 difference between Spirulina supplemented and unsupplemented pigs. This 189 contrasting finding is attributable to differences in experimental procedures. 190 Different pig genotypes were used by Hugh et al. (1985) and Grinstead et al. 191 (1998) . The influence of heterosis in the crossbreds potentially affected the observed 192 growth (Gillespie and Flanders 2010). Another explanation was that dietary protein 193 digestibility decreased with increasing levels of Spirulina in pigs (Fevrier and Seve 194 1975) partly due to Spirulina's complex cell wall structure being able to withstand the 195 pig's digestive enzymes. Furthermore, differences in the basal diets of the pigs would 196 affect any growth response, as much as the form in which the dietary Spirulina was 197 provided. For instance, a difference in growth was shown between pigs fed pelletised 198 and non-pelletised Spirulina (Grinstead et al. 1998; Grinstead et al. 2000) . Pig health 199 has also been suggested as a causal factor of the different outcomes in growth trials 200 with Spirulina (Grinstead et al. 1998; Grinstead et al. 2000) . Also, Spirulina's 201 usefulness in pig feeds will depend on the feed-type it is replacing. For instance, 202
Spirulina has been demonstrated to be a viable replacement for dried skim milk 203 powder in pig feed rations (Grinstead et al. 1998) . When Spirulina is delivered to ruminants as a water suspension, it has been found 221 to be preferentially consumed compared to pure water (Panjaitan et al. 2010) . Spirulina trials using dairy cows have produced positive results with direct impact on 228 productivity (Table 5) . Kulpys et al. (2009) found that cows receiving dietary 229
Spirulina had a 21% increase in their milk production. Furthermore, Simkus et al. 230 (2007; 2008) showed an increase in milk fat (between 17.6% and 25.0%), milk Research into sheep production responses to dietary Spirulina is in its infancy (Table  250   5 significance. This divergence between the two studies was mainly due to age 256 differences of the lambs and Spirulina suspensions in water used to deliver the 257
Spirulina. 258
Shimkiene et al. (2010) has shown that pregnant ewes receiving Spirulina deliver 259 heavier lambs (up 4.07%) with greater ADG compared to pregnant ewes receiving no 260
Spirulina. 261 262
Rabbits 263
Spirulina has been trialled in the feed rations of commercially farmed meat rabbits 264 (Table 6) including Spirulina into rabbit diets may be useful when basal diets are high in fat to 273 provide sufficient energy to 'fuel' optimal growth rates (Peiretti and Meineri 2009 
